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Hemianopic patients exhibit visual detection improvemenin the blind eld when

audiovisual stimuli are given in spatiotemporally coinoghce. Beyond this “online”
multisensory improvement, there is evidence of long-lastg, “of ine” effects induced

by audiovisual training: patients show improved visual dettion and orientation after
they were trained to detect and saccade toward visual target given in spatiotemporal
proximity with auditory stimuli. These effects are ascrilztto the Superior Colliculus (SC),
which is spared in these patients and plays a pivotal role inualiovisual integration and
oculomotor behavior. Recently, we developed a neural netwd model of audiovisual
cortico-collicular loops, including interconnected area representing the retina, striate
and extrastriate visual cortices, auditory cortex, and SC.The network simulated
unilateral V1 lesion with possible spared tissue and repradted “online” effects. Here,
we extend the previous network to shed light on circuits, platic mechanisms, and
synaptic reorganization that can mediate the training efte#s and functionally implement
visual rehabilitation. The network is enriched by the ocutbotor SC-brainstem route,
and Hebbian mechanisms of synaptic plasticity, and is useda test different training
paradigms (audiovisual/visual stimulation in eye-movenms/ xed-eyes condition) on

simulated patients. Results predict different training &fcts and associate them to
synaptic changes in speci c circuits. Thanks to the SC muldensory enhancement, the
audiovisual training is able to effectively strengthen theetina-SC route, which in turn
can foster reinforcement of the SC-brainstem route (this azurs only in eye-movements
condition) and reinforcement of the SC-extrastriate routthis occurs in presence of
survived V1 tissue, regardless of eye condition). The reBrSC-brainstem circuit may
mediate compensatory effects: the model assumes that reimicement of this circuit
can translate visual stimuli into short-latency saccadegossibly moving the stimuli into
visual detection regions. The retina-SC-extrastriate @it is related to restitutive effects:
visual stimuli can directly elicit visual detection with noeed for eye movements. Model
predictions and assumptions are critically discussed in giv of existing behavioral and
neurophysiological data, forecasting that other oculomair compensatory mechanisms,
beyond short-latency saccades, are likely involved, and Bhulating future experimental
and theoretical investigations.
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INTRODUCTION improvements of visual performances in hemianopic patients,
promoted by audiovisual training protocols stimulating the
The primary human visual pathway conveys the majority oblind hemi eld, have been reportedBplognini et al., 2005;
retinal bers to the lateral geniculate nucleus of the timles  Passamonti et al., 2009; Dundon et al., 2015b; Tinelli e2@5;
and then, via the optic radiations, to the primary visual carte Grasso et al., 20)0.6During the training, a visual target was
(V1) (the retino-geniculo-striate pathway). V1 is the maingiven in close spatial and temporal proximity with an auditory
distributor of visual information to extrastriate visuakrems, stimulus, at various positions in the visual eld; patientsreve
for further processing. A secondary visual pathway (the retin asked to detect the presence of the visual target, by digthie
collicular pathway) routes a minority of retinal bers dirdgto  gaze toward it from a central xation point. Results revealed a
the Superior Colliculus (a midbrain structure), which alsash signi cant post-training improvement in detection of unimead
reciprocal connections with striate and extrastriate visoatices  visual targets in the blind eld when the patients were allovie
(May, 2008. use eye movements, while a weak amelioration was found when
Patients with lateralized damages to the primary visuathey had to maintain central xation Bolognini et al., 2005;
cortex (V1) or to the neural pathway feeding V1 often developrinelli et al., 201) Such results suggest that the audiovisual
homonymous hemianopia, a visual eld defect with the lossraining could promote an increased oculomotor response to
of conscious vision in one hemield. Hemianopic patientsvisual stimuli in the a ected hemi eld.
cannot perceive visual stimuli presented in the blind hendel Beyond the “online” e ects of audiovisual stimulation, the
moreover, they show the inability to spontaneously develosuperior Colliculus is a possible candidate for mediating the
e ective oculomotor strategies to compensate for the viseddl  training e ects, too. Indeed, the SC projects to brainstem
loss Hildebrandt et al., 1999; Zihl, 2000; Tant et al., 2002 motor areas controlling eyes and head orientation, and is
Despite the visual de cit, hemianopic patients can preserveritically involved in the initiation and execution of rexave
the ability to integrate audiovisual stimuli in the a ecteeld, (i.e., exogenously-driven) saccadepdrks, 1986; Jay and Sparks,
with bene cial e ects Frassinetti et al., 2005; Leo et al., 2008 1987a; May, 2006; Johnston and Everling, 008portantly,
In particular, data by Frassinetti and colleaguesatsinetti etal., more than 70% of SC neurons projecting to the brainstem
2009 show that patients performing a visual detection task, whileand, therefore involved in saccade generation, respond to
maintaining central xation, signi cantly improved consois multisensory stimulationsNeredith and Stein, 1996As such,
visual detections in the a ected eld, when the auditory stifh  audiovisual stimuli, enhancing multisensory SC activatioight
were applied in spatial and temporal coincidence with the visugplastically reinforce the gain of the transduction from the
targets. SC sensory response to the motor output; in other words,
The Superior Colliculus is the most likely structure medigti  after training the oculomotor system could have acquired
this multisensory improvement, because of its anatomicahcreased responsiveness to the visual input conveyed via the
connections and the properties of its neuronal responsesetino-collicular pathway. However, the plastic mechanisms
Indeed, SC neurons receive not only visual information butand synaptic reorganization that can functionally instaiei
also signals from other dierent sensory modalities, such ashese visuomotor capabilities remain undetermined. Moreove
audition (Meredith and Stein, 1986; Stein and Meredith, 1993t is unclear whether the training may even stimulate gemuin
May, 2009. Visual and auditory information are integrated visual restitution beyond oculomotor compensation, and how
in multisensory SC neurons according to specic principlesthe compensatory and restitutive e ects may complementary
(Stein and Meredith, 1993an audiovisual stimulation elicits a contribute to visual improvements.
stronger neuronal activation than each single component,,whe Recently, we have developed a neural network model
the visual and auditory components are presented in spatial an@/agosso et al., 20} that formalized the main cortico-collicular
temporal register (spatial and temporal principle). Moreover, doops involved in audiovisual integration, and implementeda-
proportionally greater enhancement of multisensory neutonaneural connections and input-output neural characteristig¢be
activation is evoked when weakly e ective unisensory stimulSC multisensory integrative principles. The network postulate
are combined, compared to the combination of highly e ectiveneural correlates of visual consciousness and mimickeatamal
stimuli (inverse e ectiveness principle). The SC integrativeV1 lesion. Simulations, performed in xed-eyes condition,
principles have strong implications in hemianopia, as the S@eproduced the “online” e ects of enhanced visual detection
and the retino-collicular pathway are preserved in these ptgie under audiovisual stimulation.
Visual retinal input to SC, although weak, can still be e ctgn Here, we extend our previous neural network to explore the
combined with an accessory auditory input thanks to thee ects of training in simulated hemianopic patients, providing
inverse e ectiveness principle, provided the rule of spatial andjuantitative predictions that can contribute to a mechaigist
temporal proximity is satis ed. Furthermore, SC multisengor understanding of visual performance improvement observed in
enhancement can a ect cortical visual processing thanks & threal patients. To this aim, the network has been integrated
projections from the SC to the visual cortices. by novel elements. First, we have included a module of
In addition to the immediate, “online” multisensory saccade generation, embracing the colliculus sensoryimoto
improvement in visual detection, there is also evidencaransduction; in this way, we can account for the potentiality
of prolonged, “oine” eects that can be induced by of short-latency saccades triggered in a bottom-up fashion
repeated exposure to audiovisual stimuli. Indeed, longfgst Second, Hebbian mechanisms of synaptic learning have been
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implemented and adopted during training simulations. Di eiten
training paradigms (audiovisual multisensory/visual wmisory
stimulation in eye-movements/ xed-eyes condition) areste,
to examine their e cacy in promoting dierent forms of
rehabilitation (compensatory/restitutive), and to assdbe
predicted results in light o vivo data.

MATERIALS AND METHODS

toward the external stimulation. The SC is involved in both
modules.

Compared to our previous work\{agosso et al., 20),6the
present neural network has been enriched by points of novelty.
Indeed, the oculomotor model was previously absent and is
implemented here to mimic saccade generation. Thereforgewh
in our previous study only condition of central xation was
simulated Fixed-Eyes Conditiowith eye-centered and head-
centered reference frames aligned), here gaze shift foukis
foveation (without head movements) is simulated toéyé-

The neural network is conceptually made up of two moduledviovements Conditign Importantly, during an eye movement,
(Figure 1A). A sensory module (blue blocks and lines) includeshe neural representation of the stimulus in the sensory netwo
cortical and subcortical (SC) neuronal areas devoted tdpdates dynamically while the gaze shifts. To account fosghe
the sensory representation of the external stimulation. Araspects, here we distinguish between the eye-centered Ispatia
oculomotor module (red blocks and lines) can potentiallyatea coordinatesi) and the head-centered spatial coordinatiel s

to the sensory neural representation, generating a saccatleey may not be aligned during a simulation. We denote with
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FIGURE 1 | (A) Sketch of the neural network architecture. Blue blocks andres represent the sensory module; red blocks and lines derte the oculomotor module.
R, retina; V1, primary visual cortex; E, extrastriate vistiaortex; SC, Superior Colliculus; A, auditory area; FP, saade-related frontoparietal areasd denotes a pure
delay); SG, Brainstem Saccade Generatog(t)is the current gaze position (resulting from the oculomotomodule); g is the target gaze position decoded from the SC
activity. p is the position of the external (visual or spatially coinaiht audiovisual) stimulus in head-centered coordinates,ral p-g(t) is the stimulus position in
retinotopic coordinates. WH:Q denotes inter-area synapses from neurons in are® to neurons in areaH. (B) Exemplary pattern of basal (i.e., pre-training) inter-aze
synapses. Here, synapseswscvR from the retina to SC are depicted, limited to about one hemié ( 10 C 90 ) (the same pattern holds for the remaining not

shown positions). x-axis reports the positionj(in deg) of the pre-synaptic neuron in are& and the y-axis the position {, in deg) of the post-synaptic neuron in area
SC. The color at each intersectionj(i) codes the strength of the synapse from the pre-synaptic nexon j in areaR to the post-synaptic neuroni in SC. Similar patterns
hold for all other inter-area synapses within the sensory nuule. Consistently with the following gures, scale color ibetween 0 and the maximum value reachable by
training W,%%;R). WSC'R denotes the central weight of the pre-training Gaussian patrn of the synapses.(C) Schematic picture of the eye-centered topological
organization of neurons in each area. In case (1), the stimduinduces an activation bubble centered on the neuron with @ferred retinal positionD 45 , in a given
area; in case (2), the stimulus induces an activation bubbleentered on the neuron with preferred retinal positio®® 45 —-30 D 15 .
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g(t) the gaze position (resulting from the oculomotor module) The Sensory Module
in head-centered coordinates, with @epresenting the central Description
head orientation. Hence, at any timiehead-centered and eye- This module was drawn from our previous papevli€gosso
centered coordinates are related by the relationslidph  g(t), et al., 201F maintaining architecture, equations and basal
and the two reference frames coincide in case of centraioxat parametersTable 1). Here, we present its qualitative description
Moreover, while our previous study did not mimic synaptic (while equations are provided in the Supplementary Material),
training, here we assigned a priori basal values to the symaptand integrate additional speci cations due to eye movement
connections linking di erent neural areas, but they can cgan implementation.
during training procedures via Hebbian learning rules. Five areas of neurons are involveBiqure 1A). Three are

In the following, we rst provide a functional description devoted to the visual stimulus processing: the retina (R), the
of the sensory module (section The Sensory Module) angrimary visual cortex (V1) and the extrastriate visual crrte
oculomotor module (section The Oculomotor Module) in their (E). Area A is devoted to auditory stimulus processing. The
basal intact con guration mimicking a healthy subject. The area representing the Superior Colliculus (SC) is multisgnsor
network modi cations to mimic hemianopic patients (section Neurons in each area have their own preferred position in
Simulation of Hemianopic Patients and Decoding of Visualthe external space and are topologically organizehgosso
Stimulus Detection), and the simulations performed to trainet al., 2008, 20)6that is proximal neurons code for proximal
and test the patients (section Simulation Schemes: Trainingpatial positions. Here, we assume that neurons have a
Paradigms Implementing Synaptic Learning Rules and Testingtinotopic organization, coding spatial positions in eyetesad
Trials) are described. coordinates. This organization is justied in areas V1 and

TABLE 1 | Basal values of network parameters and of synaptic learningile parameters.

External input

p depending on the trial Vo D 20 vD2

Ag D 17 AD32
Gaussian noise on visual inpuD 0 0.1 Vg Gaussian noise on auditory inpuD 0 0.1 Ag
SENSORY MODULE

Neuron input-output relationship
D 3ms ' D12 D 0.6 ytdhet D 0.2 (detection thresholdin V1 and E)

Lateral synapses
Lexo D 2 Lino D 1.4 (areasR, V1, E, A exD 2 in D 24 (areasR, V1, E, A

SC SC SC
Lo DO LhoD3 - D24

Inter-Area Synapses (basal, i.e. pre-training, pattern)

Amplitude (central weight) Standard deviation
WYARp 5 WSCR = 3 5+ VLR 4 SCRp g
WgC,Vl D 0.5* W(\)/l,SC D 0.4 SCVipg VisCp g
W(I)E,Vl D3 W(\)/l'E D1 EV1 p 6 V1E p 6
WyE D 0.5 W5 D 0.75 SCEpg ESCpg
WA D 2.5¢ w2SC D 0.25 SCAD 16 ASCD 16
WAVID 0.4 WYLA D 0.4 AVipg VIAp g

OCULOMOTOR MODULE
SG neuron and SC-SG connection
sg D 70ms "'D12 D 0.6 Y38 D 0.65 (saccade thresholdin SG)
W(?G'SC D11 Ts (saccade onset)

Eye Movement control (empirical)
g (gaze target decoded from SC atTs) g D 0.4 /ms (saccade velocity)

Synaptic Learning Rules
wiHQ D 1.8 W8 H, Qwith HeSG D810 4
max . O , Q witl 0
WESSC b 35 WSESC
yﬁ{e D yﬁ]OSt D 0.2 (learning threshold in areas R,E,V1,SC,SG

yﬁ{e D y&os{ D 0.7 (learning threshold in area A

*These parameters are slightly modi ed compared to our previous papemagosso et al., 2016), in order to increase the in uence that the slight variability of SC aeftation (due to noisy
stimuli) exerts over SRT variability (se€igures 3, 4). It is worth noticing that results presented in our previous paper are stilhlid under these modi cations.
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E, since striate and extrastriate visual areas are known wimulus A¢ D 17) than for the visual oneMg D 20) to
contain retinotopic maps (for a revie@rill-Spector and Malach, simulate lower saliency of the auditory stimulus. Indeedthe
2009. As to SC, there is evidence that the multisensory S@resent study, we focus on tasks where the visual stimulinis t
layers receiving converging visual and auditory signate, atarget, and the auditory one is an accessory stimulus (see al
organized according to a motor-error map in eye-centeredsection Simulation Schemes: Training Paradigms Implemgntin
coordinates Jay and Sparks, 1987b; May, 2006; Lee and Gro8ynaptic Learning Rules and Testing Trials). Moreover, Gaussia
2012: that is, neurons in these layers encode gaze shift withoise with 0 mean and st 10% of stimulus amplitude is
a particular direction and amplitude for a given location onsuperimposed on the external stimulus to introduce variapili
the map. On the contrary, brain areas involved in auditoryin neurons activity in response to external stimulation.
localization are conventionally assumed to use a headecedt Two kinds of connections are implemented within the
frame of reference derived from monaural and binaural cuesetwork. Lateral intra-area synapses connect neurons mitie
It is still uncertain which mechanisms and structures trfamsn ~ same area and realize near excitation and far inhibitiora (vi
head-centered auditory space representation into eye-tahte Mexican-Hat disposition). Inter-area synaps®g {n Figure 1A)
representation for coherent binding with visual informatiand  are excitatory and connect neurons in di erent areas. In the
for accessing the correct e erent zones in the SC. Howevefpllowing WiI]’Q will denote the synaptic weight from the
studies indicate that eye-position Signals modulate augitorpre_synaptic neuror]' in areaQ to the post-synaptic neuron
responses eventat early stages in auditory procesSingi(etal., i in areaH. In the basal (pre-training) con guration, they
2009, suggesting that the transformation from head- to eyegre modeled as Gaussian functions of the distance between
centered coordinates may occur gradually along the auditoryhe preferred positions of the pre-synaptic and post-synaptic
pathway and possibly ending in the SG and Sparks, 1987b; neurons. An exemplary pattern of basal inter-area synapses is
May, 2006; Lee and Groh, 2Q1Here, we made the simplied shown inFigure 1B However, inter-area synapses are subjected
assumption that this transformation is completely accomplishegp synaptic plasticity (see section Training Paradigms and
at the level of area A. The latter, therefore, does not reptesse | earning Rules), hence their value and shape can change after
speci ¢ auditory cortical area butis equivalent to sevetali®ory  training. We assumed that lateral synapses are not subject to
processing stages that extract auditory stimulus positioayie-  training.
centered coordinates. Due to the adopted architecture, an external stimulus applied

In line with our previous paper, we assume that from trial 5t spatial positiorp expressed in head-centered coordinates, at
to trial the pOSition at which the external stimulus (ViSUaI (0} any timet’ will match the preferred location for neuronD p—
auditory) is presented can vary only along the azimuth. Hencey(t)in the areas (sefigure 1C). Accordingly, in Eye-Movements
neurons in each area are arranged along a monodimensiongondition [see section Functioning of the Oculomotor Module
chain. Each areaincludésD 181 neurons, with preferred retinal (|ntact Con guration)], each |ayer becomes a dynamic map of
positions from 90 to C 90, at a distance of 1from each sensory activity: as gaze position changes, activity shifisiew
other, with O representing the current gaze position (i.e., thelocation corresponding to the new retinotopic position of the
position of the fovea). In each area neurons are labeled by thestimulus.
preferred retinal positoni(D 90, 89,... 1,0,C1, The pathways included in the module can be explained as
..., €89, C90). Of course, a single neuron in the model isfollows. The external visual stimulus excites the retina{®jch
not representative of a single biological cell but it représ@m  sends visual information along two pathways. The pathway from
ensemble of cells functionally interconnected and shatimg R to V1 mimics the primary retino-geniculo-striate pathway;
same spatial properties. V1 is then reciprocally connected with extrastriate visuatex

Each neuron is described via an input-output relationship,(E). The pathway from R to SC mimics the secondary retino-
including a sigmoidal function (ranging between 0 and 1,collicular pathway, which sends direct ascending projestitim
representing neuron's activation function) and a rst-orde the Colliculus. The SC also receives connections from theavis
dynamics mimicking the membrane time constant. Hencegortices V1 and E. The distinction among the three visuahare
neuron's activity (output) assumes value between 0 (sile{R, V1, and E) is crucial to simulate hemianopic patients who
neuron) and 1 (maximally activated neuron). The input to aare characterized by selective lesion to V1 but can still take
neuron may comprehend a contribution due to the externaladvantage of the spared R-SC pathway. The auditory stimulus
stimulation (in areas directly receiving the external silos, i.e., excites the auditory area A that sends auditory informatton
R and A) and contributions due to synaptic connections. the SC. Besides these feedforward pathways, the networklexlu

In the following, the positionp where the external stimulus feedback mechanisms. One involves feedback synapses feom th
is applied will be expressed in head-centered coordinates. TI%C to areas A, V1, and E. The other involves reciprocal synapses
external visual and auditory stimuli are simulated as Gemss between areas A and V1. Via these mechanisms, a stimulus in
functions of the di erence between the stimulus position (re-one modality may in uence neural responses to a stimulus in
computed in eye-centered coordinates) and neuron preferrethe other modality, not only in the multisensory SC area bsbal
position, spreading over a limited portion of space. Spatiain the respective unisensory areas. Our previous papegsso
extension was set larger for the auditory stimulus to ac¢don et al., 201pevidenced that the feedback synapses from the SC
the lower spatial resolution of the auditory receptors compare have a primary role in mediating audiovisual “online” e ects in
to the visual ones. The amplitude was set lower for the auglitorhemianopia.
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Functioning of the Sensory Module (Intact Knox and Wolohan, 201); consistent with the neural delay of
Con guration) the shortest pathway from the retina to brainstem via the SC
Figure 2 shows how the sensory module works in respons§(Boch et al., 1994 see also section The Oculomotor Module in
to a visual stimulus aloneF{gure 2A) and to a multisensory the Discussion].

audiovisual stimulus Rigure 2B), with basal parameter values  The overall input to SGSC.t/, is computed as follows

and in intact condition. The visual stimulus activates aual

areas up to saturation, and the SC to a middle level. Under uSC t/ D uSGSC ¢/ C uSGFP ¢/

multisensory stimulation (although the auditory stimulatone

is little e ective, see gray lines Figure 2B), strong multisensory D X WSasc Ve 1

enhancement occurs in the SC that exhibits a wider bubble of . ! I X

activation and higher neuronal activity compared to unisanys o1

visual stimulation. CIg¥ rt 1 1 4)
1, 0 t D

The Oculomotor Module rYD 5 Gtherwise ©)

Description Co i

The oculomotor module is devoted to initiation and driving @ . 1, inFixed Eyes Condition (6)

saccade in response to the external stimulation. It conceiitis 0, inEye Movements Condition

re exive saccades, elicited by the stimulus and generatetign

the fovea with it. Frontoparietal (including Frontal Eye Ei®  The input from the SC (SGSC.t/) is computed via inter-area

Supplementary Eye Fields, Posterior Parietal Cortex andd)orssynapseijGSC projecting from the SC neurons to brainstem.
lateral Prefrontal Cortex) and subcortical (collicular)tipaays

are known to play a sophisticate parallel role in the initiateomd SGSC SGSC o - .
control of saccadesv{unoz, 2002; Sparks, 2002: Johnston anyalue ;== D WSG°C, 8 2 SQ; however, as the other inter-
Everling, 2008; McDowell et al., 2008 area synapses, they are subjected to plasticity and can beshodi
Here, we adopt an oversimpli ed structure, comprising onlyduring training (see section Training Paradigms and Leagni
a few functional blocks whose interconnection is limited toRules). The input from FPuS&® ¢/ D 155" r.t  / has
recreate motor commands to brainstem and latency in saccad¥en modeled empirically, as a constant input having the same
initiation (i.e., Saccade Reaction Time, SRT). Speci calyngle durationD as the stimulus, and delayed from the stimulus onset
unit representing the brainstem saccade generator (SGjvece (t D 0) by a given amount ( D 100 ms 10 ms,
excitatory inputs from the SC and frontoparietal (FP) areagiormally distributed), in line with visual response laterzie
(Figure 1A); the FP block is modeled empirically and includesthese structuresSoch et al., 1984; Lamme and Roelfsema, 000
a pure delayd (parameter values for this module are listed inBecause of this delay, the SC input anticipates the FP input to
Table 1). SG [see section Functioning of the Oculomotor Module (intact
As the other neuronal units in the network, the saccadecon guration) and Figures 3 4]. The value of the FP input
generator unit (SG) lters its overall input via a sigmoidal (15> ' D 10) and the basal value of the synapses from SC to SG
function and a rst-order dynamics to generate its output. We (ngSC D 1.1) were set to satisfy the following requirements.
assumed that a saccade is initiated only when the SG outp@) In basal (pre-training) condition, only the combinatioof
activity reaches a given threshold (saccade thresholdjcéle the two inputs (and neither input alone) is highly likely to
trigger a saccade. This agrees with data showing that keson

In basal pre-training condition, synapsé&>3>“have a uniform

dySC.t/ G SG either saccade-related frontoparietal areas or SC indunzada
S 4t D y*UCF uCy @ decits (Johnston and Everling, 2008; McDowell et al., J0(B

SG 1 Saccade reaction time under unimodal visual stimulatiohw

Fu™ty D 1Cexp uSG.t/ () the SC exhibits a lower activation, gségure 2A),is 200 ms and

decreases by 50-60 ms under audiovisual stimulation (when
the SC exhibits a stronger activation, $égure 2B), in line with
Saccade is initiated at tima T9 TsySC.T¢ D ytShG (3) human data [Nozawa et al., 1994; Colonius and Arndt, 2001;

Sparks, 2002; Bargary et al., 2)sée section Functioning of the
uSC.t/ is the overall input to SG including the inputs from SC Oculomotor Module (Intact Con guration) andrigures 3 4].
and FP (see Equation 4 below), ayf.t/ is SG output activity. x In Equations (4) and (6) is a ag used to simulate
F. / is the sigmoidal activation function; its parameters are théoth Fixed-Eyes Condition (in which the subject keeps céntra
same as for the other neurorks is time of saccade onset, ayﬁ? xation) and Eye-Movements Condition (in which the subjest i
denotes the saccade threshold. The values for the time @oinst free to generate a saccade toward the stimulus). Speci, cally
sc(D70ms) and saccade threshgﬁP(DO.65) were assigned so avoids saccade generation under voluntary xation, intirg
that in any condition (especially during and after trainingp@n  the inputs to the SG in Fixed-Eyes Condition. Notably, even
the circuit R-SC-SG is greatly reinforced) minimum saccadén Eye-Movements Condition, no oculomotor response may
latency cannot decrease below5-80 ms which is the shortest occur in reaction to the external stimulation if the latter
saccade latency observed in humaB&{ and Edelman, 2009; does not produce suprathreshold SG activation (e.g., when the
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FIGURE 2 | Exemplary functioning of the sensory module in intact con gration (gaze is at 0, and the sensory module is intended disconnected from the oglomotor
module). (A) Activation in all areas in response to a unisensory visualistulus atp D 24 . Each plot shows the activity of all 181 neurons in the corrgsonding area.
Neuron activity can assume value between 0 and 1 (maximum aiefty, see section Description)(B) Activation in all areas in response to a multisensory audi®ual
stimulus atp D 24 . For comparison, activation in response to a unisensory atitbry stimulus is shown by thin gray lines. The noise superiposed on the external
stimulus produces a more irregular activation in area A theim R because of the larger Gaussian function simulating theuaitory stimulus (see section Description and
Table 1). In both panels(A,B), the response is shown after the network has reached a steadgtate activation pro le in all areas.

combination of the inputs from SC and FP is too low and/or one  Figures 3A,Bshow the dynamic operation of the network in
input is lacking). response to a visual stimulus (lasting 400 ms) applieg &
Finally, in case a saccade is initiated (i.e., in dagxists), the 24 . The trial starts with the gaze at central positi@n O .
eye movement is driven empirically. SC activation at the timéollowing stimulus appearance @D 0), neurons in visual and
of saccade onseT§) is read out according to a winner-takes-all SC areas coding position p activate rapidly (rows from 2A to
rule: the position coded by the maximally activat8@neuron 5A), and the input from SC to SG assumes a non-null value
at that time is assumed to signal the target gaze displacemefgreen line in row 6A). However, before the FP input to SG
( g)- Then, fort > Ts, gaze positiomy(t) is updated at a constant becomes operative (magenta line in row 6A), the SC input alone
rate, as long as its value is di erent from the target valuentte is ine ective, keeping SG unit silent (row 7A). At the arrival
g 0 8t:0 t T if Tsexists
g.t/ D | ' 8t, if Tsdoes not exist @)
“sign g g.t 1t/ vy .t TJ, 8tit>TJN g.t 1t/ 6Dg , if Tsexists

where of FP input ¢ D 108 ms), the accumulation of the two inputs
gradually rises SG activity toward the saccade thresho&5)0.
g D argmax Y. Td , if Tsexists (8) that is reached at D 206 ms (hence SRID 206 ms). Starting
from this time, the gaze positiorg[t)] moves to reach the target
In Equation (7),1t is the simulation time step0.1ms) andsg ~ position (D24 , decoded from SC peak activity at saccade onset)
is the saccade velocity set equal to On, regardless of saccadeat a constant rate (row 8A). Due to the retinotopic organiaati
amplitude, in agreement with velocity average valugarputt  of the neuronal areas, while gaze position moves frorto@4

etal., 2001; Sparks, 2002 (row 1B), activity in each area moves in the opposite direction
compared to the gaze, continuously matching the changing in

Functioning of the Oculomotor Module (Intact the retinotopic position of the stimulus (rows from 2B to 6B).

Con guration) Accordingly, neurons coding the initial retinotopic positiarf

Figures 3 4 show the exemplary functioning of the oculomotor the stimulus rapidly becomes inactive following eye movemen
module, interconnected with the sensory module, and evidenconset (rows 2A  5A). As activity in SC shifts, SC input to
how the parameter adjustment in this module recreates SRT daG is maintained (since all SC neurons project to SG). Here,
in line with in vivo studies. the stimulus lasts su ciently for the gaze to reach the targe
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FIGURE 3 | (A,B) Exemplary functioning of the oculomotor module, interconected with the sensory module in the intact con guration, in arial of unisensory visual
stimulation applied atp D 24 . The stimulus lasts 400 ms starting front D 0. The simulation starts with the gaze at central position Q Plots in panel(A) have the
following meaning. Rows from 1A to 5A: temporal activity oftte neuron having preferred retinal position 24 in each area of the sensory module (activity of each
neuron may range between 0D silent neuron and D maximally activated neuron). Row 6A: temporal pro le of thenputs to SG (green line is SC input, magenta line ig
FP input, black line is the sum of the two inputs). Row 7A: temgral activity of the SG motor unit (activity of the neuron masange between 0D silent neuron and 1D
maximally activated neuron); the dashed horizontal grayé indicates the saccade threshold yt%G DO0.65). Row 8A: gaze position along time, i.e.g(t). Plots in panel
(B) have the following meaning. Rows from 1B to 6B display the gaz position and overall activation in each area of the sensomyodule at different time instants
(coded by different colors). The corresponding time instas are marked by colored vertical lines in the plots ofA). (C) Saccade reaction time distribution obtained by
performing 500 trials of unisensory visual stimulation, i each stimulus lasting 400 ms.

(yellow lines inFigure 3B). Saccade latency distribution obtained of bimodal stimulation (147 11 ms) compared to unimodal
in 500 visual trials Figure 3C) shows a peak at 200ms and stimulation (207 30 ms), recreatingn vivo ndings (Nozawa
values mainly within 170-230 ms, replicatimg vivo data of et al., 1994; Colonius and Arndt, 200IThese same studies
regular saccade latencies to unisensory visual stimidicnius  mainly ascribe reduced saccade latency in audiovisual Gondi
and Arndt, 2001; Sparks, 2002; Bargary et al., RMafiability in ~ to SC multisensory convergence, as the model postulates, too.
SRT does not arise only from variability in the FP delay bubals  Itis worth noticing (as relevant for subsequent considenad;,
from variability in SC activation due to the noisy sensorpiin see section Simulation Schemes: Training Paradigms
The dynamic operation of the network in response to almplementing Synaptic Learning Rules and Testing Trials)
multisensory audiovisual stimulus (lasting 400 ms) is répdin  that, according to the model, in the earlyl00 ms of stimulus
Figures 4A,B Thanks to the multisensory enhancement in thepresentation, only the input from the SC acts on the SG unit
SC, the earlier SC input to SG (green line in row 6A) movegbecause of the FP input delay). Basal parameterization of the
the SG unit out of its silent state (up to about 0.4, row 7A).oculomotor model (in particular synapses from SC to SG) are
Hence, shortly after the arrival of the additional FP input{@®  not likely to produce short latency(100 ms) saccades, especially
108 ms), the SG unit reaches the saccade threshold 447 ms. in unimodal condition, despite the fast sensory response in SC.
In audiovisual condition, also activity in area A shifts fro This basal setting of the model agrees with studies on SRT in
2B) while the gaze shifts. Saccade latency distributioainbtl  healthy human and non-human primates indicating that express
by performing 500 audiovisual trialsFigure 4C) show that saccades (i.e., saccades that can reach latency below 100 ms,
both the average value and standard deviation decreasesen cas low 75-80 ms) are almost absent in basal condition and they
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FIGURE 4 | (A,B) Exemplary functioning of the oculomotor module, interconected with the sensory module in intact con guration, in a tal of audiovisual stimulation
applied atp D 24 and lasting 400 ms. The plots have the same meaning aigure 3. (C) Saccade reaction time distribution obtained by performing00 trials of
audiovisual stimulation, with each stimulus lasting 400 m&ark gray bars). For comparison, the light gray bars replite SRT distribution in unisensory visual condition
i.e., the same as inFigure 3C.

are more likely to occur after individuals have had repeatedize around that position\|agosso et al., 20).6For example a
trainings in speci c visual paradigms-(scher et al., 1984; Fischer 3-neuron cluster aroungb D 40 , means that three spared V1

and Ramsperger, 1986; Bibi and Edelman, 2009 neurons are present in the range 36 44 .

Finally, we assumed that a visual stimulus is consciously
Simulation of Hemianopic Patients and detected only if, at some timeduring the presentation of the
Decoding of Visual Stimulus Detection stimulus, neuron activity in both areas V1 and E overcomes a

The previous sections describe the intact network simugatin  given thresholdy{e'D 0.2, detection threshold)agosso et al.,
healthy subject. Hemianopia was mimicked by damaging the V2016. Notably, here visual awareness may emerge during an
area unilaterally, in the region corresponding to the retijmic ~ 0culomotor response (after training), if the eye movementeo
positions fromC1 to C90 . Speci cally, we simulated twenty the visual stimulus to regions where visual function is aitar

di erent hemianopic patients, by randomly damaging (i.e.,has been restored (see section Results).

silencing) at least 85% of V1 neurons within this region (see

(Magosso etal., 20)for a detailed description of the procedure). Simulation Schemes: Training Paradigms

Here, we adopted the same twenty simulated patients used in oWmnplementing Synaptic Learning Rules and
prev_ious paperfable 2. _ Testing Trials

S_lnce the presence_of spgred Vi neurons 1s of relevance ( Se simulation trials (both training and testing trials) pered
section Results and Discussion), some speci cations arellusef. . . . . .

. in the hemianopic patients share the following charactersstio

Of course, a spared V1 neuron does not represent a single ce
rather a small spot of survived V1 tissue at a given retinotopi
position. For a given positiop, we say that a cluster of spared
V1 neurons exists around that position if at least 2 surviveld V (i) Each trial involves the application of a visual stimulus or
neurons are present within therange 4 pC 4, and the audiovisual spatiotemporally coincident stimulus, applied at
number of spared V1 neurons in this range de nes the cluster's t D 0 and lasting 100 ms. The stimulus can be presented at

resemble the trials used in real patienBo(ognini et al., 2005;
(f‘)assamonti etal., 2009; Tinelli et al., 2015; Grasso e0ah), 2
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TABLE 2 | Hemianopic patients simulated with the network. Training Paradigms and Learning Rules

Patient Number ( n) of silenced  Preferred retinal positions of the spared

Each simulated hemianiopic patient was subjected to training
paradigms, consisting of repeated stimulation trials of thed

V1 neurons in the V1 neurons in the damaged hemi eld . . T
damaged hemi eld hemi eld at four di erent positions (8, 24, 40, 56). Three
training paradigms were simulated.
1 nD 89 43 Training paradigm A (Audiovisual training in Eye-
2 nD 84 12 19 25 66 73 86 Movements Condition)—In each trial, a spatiotemporally
3 nD 82 33 34 39 50 51 63 64 90 coincident audiovisual stimulation (100 ms) was applied and the
4 nD 87 56 81 82 oculomotor response was allowed.
5 nD 88 41 71 Training paradigm B (Audiovisual training in Fixed-
6 n D 80 1 27 30 38 41 55 56 59 60 88 Eyes Condition)—In each trial, a spatiotemporally coinciden
7 nD 87 7 25 56 audiovisual stimulation (100 ms) was applied and the oculomotor
8 nD 81 10 19 26 28 47 50 77 86 88 response was not allowed (inputs to SG were inhibited and SG
9 nD 85 8 22 27 61 76 unit remained silent).
10 nD 87 42 46 49 Training paradigm C(Visual training in Eye-Movements
1 nD 76 12 20 21 24 25 31 46 50 55 Condition)—In each trial, a unimodal visual stimulation
63 74 77 86 (100 ms) was applied and the oculomotor response was allowed.
12 nD 86 17 25 34 75 For each paradigm, a full training session comprehended
13 nD 79 5 9 11 32 33 43 45 47 49 82 86 300 stimulation trials, 75 trials per position. The four position
14 nD 79 8 9 10 18 23 36 48 67 68 74 75 were stimulated in a random sequence during the sessiorh Eac
15 nD 80 12 24 28 42 50 55 65 85 86 87 training trial began at stimulus appearant¢®(0). After an initial
16 nD 77 5 17 25 35 40 46 59 61 66 67 interval was elapsed (settling timley D 65ms), the training
73 83 89 of inter-area synapse¥\) started. The training trial continued
17 nD 80 12 51 52 55 70 71 74 79 81 84 until the removal of the stimulus (i.e., until D 100 ms), in case
18 nD 89 29 visual detection did not occur during this time. In case atyan
19 nD 77 56 9 11 20 26 34 51 56 57 68 timet betweenT, and 100msthe visual stimulus was detected,
82 85 the trial was interrupted 10 ms after detection (ortdd 100 ms
20 nD76 311 17 2562 3516 3528 3761 38 44 46 if detection occurs at a timé > 90 ms). This mimicdn vivo

studies where patients were asked to push a button as soon as the

visual stimulus was detected (trial interruption mimics gadi's
) o ) o _engagement in pushing button). Synaptic learning in one trial
di erent eccentricities along the azimuth, within the blind started from the nal synaptic con guration reached at thecen

hemi eld. of the previous trial.

(i) In each trial, the input from FP to SG is excluded. e assumed biologically plausible learning rules to

(iif) Each trial starts with the simulated patient xating cgally

This exclusion is justied since only 100ms stimuli implement the training phase Dayan and Abbott, 2001

are used in these simulations [see point (i) above], inye adopted rules already used to investigate other phenomena
agreement with studies on hemianopic patients, and—f multisensory plasticity in our previous studiegggosso et al.,
according to neurophysiological data of signal propagationo12 2018 The inter-area synapses within the sensory module
time in frontoparietal structures (section The Oculomotor modify according to a classic potentiation Hebbian rule with

Module)—FP input has no or only a minor role due to pre-synaptic and post-synaptic thresholding: the synaptic kteig
its delay, in case of such a short stimulation. However, thWHQ increases, up to a maximum saturation valkmﬂ'ag

development of a basal oculomotor module including the nIy if both pre-synaptic and post-synaptic neuron activities
FP inputis relevant. Indeed, in this way we provide an intact
are above a given threshol;lQ(e andyH ., respectively, named
reference model that justi es the parameters of the collcul learning thresholds). Furthermore, thpese inter-area 5gas are
sensory-motor link used in pre-training condition and in ning o ) Pyea ar
synaptic learning in the simulated patients subjected to a normalization rule: the sum of all synaptic Wwesig
' entering a given neuron in a generic area BA, V1, E, SC)
remains constant. According to this rule, the increase ohso
Eyes Conditionn which central xation is hold, inhibiting Synapses occurs at expense O.f other synapses. This helps Fo keep
) e stability in the network, avoiding an uncontrolled propagati
any oculomotor responseEye-Movements Conditipin
4 e of excitation among areas during training, due to the selvera
which a saccade can be produced, shifting the gaze from the
: . - récurrent excitatory synapses in the sensory module. Thus,
central xation point toward the stimulus. e have

and can be performed in two di erent eye conditioriSxed-

(iv) The visual stimulus (in unisensory and multisensory

stimulations) represents the target, while the auditory h ic h i
stimulus is an accessory stimulus (in real studies, indeed,lwi'j*'Q_t/ D ”HQ t/ yiH ot/ ygost ij.t/ ygre (9)
patients were instructed to detect the presence of the visual HO y HO

target, ignoring the auditory stimulus). i /D o wHQ Wit/ (10)
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HO Wi'j4 Quci Wi'j4 Q Visual Test Zonsisted in trials that visually stimulated a dense
Wi ~tClt/ D p—p HO HO (11)  array of positions in the hemianopic eld (from 40 60 with 2
X Qi Wy U CIWE.Y step); 2 trials were performed for each spatial position.
WHQ 0/ 8H,QDA,R V1,E, SC HBIR Each visual test was performed bothFixed-Eyes Condition
Q Y and in Eye-Movements Conditiand visual detection accuracy
(percentage of detected visual stimuli) was computed in each

1Wi'j""Q in Equation (9) denotes the change in the synapticcondition and averaged on all simulated patients.

weight due to the potentiation ruld.]¢ denotes the function

positive part (i.e.,[x]® D x if x 0, while[x]® D 0 RESULTS

if x < 0). Equation (10) implements maximum saturation by

decreasing the current learning rulg®.t/ as the synaptic Resultsobtained in the simulated patients (see patient dsimi
S HQ . . in section Simulation of Hemianopic Patients and Decoding

weight increases, andy Wnax is the maximum learning rate.

. imol h lizati v o of Visual Stimulus Detection), before and after traininge a
Equation (11) .|mp ijer.ns the norma |zat|.or.1 ru wij _'0_ presented. All simulations are performed using stimuli lagtin
denotes synaptic weight in the basal (pre-training) con dioe; 190 ms (as specied in section Simulation Schemes: Training

the outer sum at the denominator and nqmerator extends to albaradigms Implementing Synaptic Learning Rules and Testing
aread) sending synapses to aréiaand the inner sum extends to  yj|g).

all neurong within each are®).
The inter-area synapses in the oculomotor modw¢¥%°9  Pre-training Functioning
obey the pre-synaptic thresholding potentiation rule with upperrigures 5A,Bshow exemplary responses to a visual alone and
saturation. Hence to a multisensory audiovisual stimulation in two represdivia
h i cases corresponding to no spared V1 neurd?ig}ﬁre 5A) anq 2
1 WjSGSC.t/ D jSGSC_t/ ySC.t/ y]-sc.t/ ygr% (12) neuron _spared clusteiH{gure 5B) a_round the stlmglus pqsmon
(simulations are drawn from patient #9). The simulations are

jSGSC.t/ D o w3S&sc WjSGSC_t/ (13) performed in Eye-Movements Condition; however, since FP
sasc sasc sasc input to SG is ine ective (see section Simulation Schemes:
WPt C 1t/ D W2t/ C LWt/ (14)  Training Paradigms Implementing Synaptic Learning Rules

and Testing Trials), the stimulation is unable to produce an

where the meaning of the symbols is the same as in Equatio®§ulomotor response via the SC input alone and the gaze remains
(9-10). at central position. In case (A), the visual stimulus actgadnly

The value of parameterp was set su ciently low to ensure the retina, which produces a slight activity in the SC; theiais
a gradual updating of synapses during training. Maximumstimulus is not detected (areas V1 and E remain silent). seca
saturation valueWH’eS( for all synapseSNi'j*'Q in the sensory (B): thg visual stimulus producgs aptlvatlon of the retirayhd

] ) activation of the SC and also activation of the spared V1 nesiro

module was set at 180% their basal central weighh'®). o latter, however, do not provide su cient input to activaaeea
Maximum saturation valutV$ec (D 3.6 W5 %) for synapses  E and the stimulus remains undetected (suprathreshold gtiv
W 9Cwas tuned so that in unisensory condition the SC alonen both areas V1 and E are required for stimulus detectioe, se
can provide an input to SG almost equivalent to the sum ofection Simulation of Hemianopic Patients and Decoding of
SC and FP inputs (when both operative) in the pre-trainingVisual Stimulus Detection). In both cases, adding an ausglito
con guration. Neurons in all areas but area A were givenstimulus elicits a strong multisensory enhancement in the SC
the same values for pre-synaptic and post-synaptic thresholdéotably, in case (B), the enhanced feedback from the SC to are
(D0.2). For neurons in area A, pre-synaptic and post-synapti& adds to the feedforward input from the spared V1 neurons,
thresholds were set at a higher levBl0(7) to mimic reduced inducing a suprathreshold activity in region E and stimulus
attention to the auditory modality (as only the visual stims  detection. In our previous paperMagosso et al., 20),6we
represented the target). The overall number of trainingl&ria made an extensive analysis showing that at least a spared cluste
(300) has been chosen since adding further trials does neigeo (i.e., 2 spared V1 neurons) is required for visual detection t
further appreciable modi cations in the synapses and in thebe triggered (in Fixed-Eyes condition) by an accessorytandi

post-training performances. stimulus. That is, the enhanced multisensory feedback fr@n S
can induce suprathreshold E activation only in presence of a
Testing Trials minimum level of feedforward input from V1 to E, which is

Before and after each training paradigm, each simulated piatie not provided by an isolated spared neuron (and is null in case
was subjected to a testing session to assess the e ect ahggain of no spared V1 neuron). Finally, in both cases, multisensory
on visual detection performance. Each testing trial invelveenhancement in SC augments the input from SC to SG (see
unisensory visual stimulation (100 ms). Two visual testsewe bottom plots), compared to unimodal visual condition, alttgiu
considered, in agreement witB¢lognini et al., 2005 insu cient to trigger the SG unit.

Visual Test Iconsisted in trials that visually stimulated the  Stimulations applied in Fixed-Eyes Condition produce same
same spatial positions used during training (4, 40, 56);  patterns of activity in all areas of the sensory module, but the
8 trials were repeated for each spatial position. input to SG is inhibited by voluntary xation.
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FIGURE 5 | (A) Exemplary response of the network in the simulated patient$tto a visual stimulus (dotted purple lines) and to an audiatal stimulus (continuous
blue lines) lasting 100 ms, applied ap D 40 . Around this position, no spared V1 neuron is present. The arall activation pro le in areas A, R, V1, E, SC is shown at
the end of the simulation { D 100 ms); in area V1 and E, the horizontal gray dashed line irwdites the detection threshold yﬂf‘ D 0.2). The input to SG (that coincides
with the input from SC), and SG activity is displayed as a fution of time; in the latter plot, the horizontal gray dashedre indicates the saccade threshold

(ylshG D 0.65). (B) Exemplary response of the network in the simulated hemianadp patient #9 to a visual stimulus (dotted purple lines) andtan audiovisual stimulus
(continuous blue lines) lasting 100 ms, applied g D 24 . Around that position, two spared V1 neurons (2-neuron clu®r) are present. The meaning is the same as in
(A). In both panels(A,B), SC input to SG is insuf cient to trigger SG activity even in cse of audiovisual stimulation.

Training A (Audiovisual Stimulation in and reciprocal synapses between V1 and 8C%V1, wV1SG

Eye-Movements Condition) and at the positions of spared V1 neurons (position 24 this case,
Post-training Performances seeFigure 5B blue lines). Concerning synapses from SC to SG

. o . WSGSG) in the very early stage (Stage 1) they exhibit very little
Figure 6shows changes in inter-area synapses at di erent Stagéginforcement (blue line in the bottom panel Bigure §), being

during training A in an exemplary patient (patient#9, the sarse ay,o ot from SC still insu cient to trigger SG activity. As

in Figure 5. Among the four stimulated positions (824, 40, aaming proceeds (Stage 1) and synapses entering SC (egpecia
56 ), the patient exhibits a spared cluster around position.24 WSCR) reinforce, the increased SC activity triggers SG neuron
Only changes in the most signi cant synapses are reported (Sgg a su cient level to speed up the reinforcement of synapses
Figure S1 for changes in all inter-area synapses). The chaage )/SGSC (red line in bottom panel ofFigure 6). At the end of

be explained as follows. Atthe beginning of training (Stdgesl  Stage 11, synapse&/S3SC have become strong enough to elicit
1), oculomotor responses are not elicited as SC input to S@llis s an oculomotor response toward the stimulus.

insu cient, and inter-area synapses start to reinforce anduhe For clarity, an example of a training trial at the end of
stimulated positions. Reinforcement concerns synapae-f) Stage II, with the stimulus applied at position 40ds shown
connecting the retina to the bubble of SC neurons activated bin Figure 7. SC activation elicited by the stimulus ptD 40

the audiovisual stimulus (see for examfiggure 5 blue lines),  (blue line) is augmented compared to the pre-training coruiti

Frontiers in Computational Neuroscience | www.frontiersiorg 12 December 2017 | Volume 11 | Article 113


https://www.frontiersin.org/journals/computational-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/computational-neuroscience#articles

Magosso et al.

Modeling Audiovisual Rehabilitation in Hemianopia

Stage | = 20 trials

Stage Il = 60 trials

Stage 11 =120 trials

Stage IV = 300 trials
(final configuration)

wsevt wVise wsev! wvise wsevt wV1se wsev1 wVise
¢ <o o o o o o 80
g 20 220 320 320 320 g 20 220
8 40 3 40 S 40 8 40 S 40 340 S 40
s 560 £60 S0 560 §60 o0 60
L EEY g 50 g 80 %80 % 80 €80 %80
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
presyn. V1 neur. (°) presyn. SCneur. (°) presyn. V1 neur. (°) presyn. SC neur. (°) presyn. V1 neur. (°) presyn. SC neur. (°) presyn. V1 neur. (°) presyn. SC neur. (°)
WSCE WESC WSCE WESCS WSCE WESS WSCE WESE
& co <o co o co <o co0
5 M = H = =
2 20 g 20 320 820 20 g 20 g20
2
8 4 40 8 40 W 40 8 40 u 40 840 4 40
< S < g c € < S
2z 2 60 7 60 2 60 2 60 Z 60 % 60 260
2 2 z g
g 280 g 80 &80 880 280 g80 280
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
presyn. Eneur. (°) presyn. SCneur. (%) presyn. E neur. (%) presyn. SCneur. (°) presyn. E neur. (°) presyn. SCneur. (°) presyn. E neur. (°) presyn. SC neur. (°)
SCR SCR SCR SC.R
R Wi R w Wi _ w wHe
< o <o <o max
g 320 320 g 20
3 3 40 3 40 8 40 wg@
< € c
g 560 ;» 60 560 w2
g g 80 g 80 280
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 9
presyn. Rneur. (°) presyn. Rneur. (°) presyn. Rneur. (°) presyn. R neur. ()
SG,SC
wSe
5 T
R
=20 trials
3r ——60 trials
2+ 120 trials | |
——300 trials
1F
0 A . L . .

0 20 40 60 80
presyn. SC neuron (°)

FIGURE 6 | Pattern of inter-area synapses for patient #9 at four diffent stages of training A (after 20 training trials, 60 traimj trials, 120 training trials, 300 training
trials corresponding to the end of training). At each stagethe four positions (8, 24 , 40 , 56 ) had received the same number of stimulations. For sake of se, only
the most signi cant synapses are reported including synapse from the retina to SC WSCR), reciprocal synapses between SC and cortical visual areag¢l and E
(WSCV1 WVLSC \ySCE WESC) and synapses from SC to SG\WSGSC, hottom plot). Each color map has the same meaning as iffigure 1B , where x-axis
denotes the position {) of the pre-synaptic neuron in area, y-axis denote the position {) of the post-synaptic neuron in area H, and the color value &he intersection
(1,i) indicates the strength of the synapsé/vin’Q. In each color map, the color scale ranges between 0 and the marmum valueWr'?]’a?< (Table 1) for the represented

synapses.WH’Q is the central weight of the pre-training Gaussian patterriThe bottom plot, displaying synapses\NSG'SC at different stages, reports the positionjj of
0

the SC presynaptic neuron on the x-axis (in the range 10 to 90 ) and the value of the corresponding synapseNjSG’SC on the y-axis. The dashed black line marks

the valuewagg(sc. At the rst stages of training (Stage | and I1), synapses inteemnecting active neurons around the stimulated positionstart to reinforce. At the end

of Stage II, synapseswSG:SC at the stimulated positions become strong enough to elicit & oculomotor response rightward (so that an activation wavenoves
leftward). Hence, synaptic reinforcement extends leftwar(Stages Il and V) but only to a limited extent as gaze moves grby a few degrees before stimulus removal,
i.e., before the end of the trial. At position 24, leftward extension of synaptic reinforcement does not ocar as the stimulus is perceived before oculomotor responsesi
triggered. At this position also reciprocal synapsesVSCE and WESC reinforce too. Modi cations of synapseswSCV1 wV1.SC \WSCE WESCaround 0 (see
Stage V) arise from the activation produced in these areas veim the stimulus reaches the fovea and the intact side.

(Figure 5A), due to the reinforced synaps¥¢SCR. Higher SC close to 40 and declining toward 33-32. This behavior
activation, together with reinforced synaps®#SGSC, triggers the  replicates similarly when the stimulus is applied at positions 56
oculomotor response (dtD 77 ms, note the high value of the and 8, the synaptic reinforcement extending leftward (with a
input to SG from the SC area). As gaze moves, an activatiateclining trend) up to about 49and 0 , respectively. Conversely,
“wave” shifts along areas A, R, SC leftward the stimulatedipns audiovisual stimuli at position 24rapidly elicit visual detection

p, and SG remains active during the oculomotor response; thiand the training phase is interrupted before any oculomotor
promotes the strengthening of inter-areas synapses (in pdatic response is triggered (see section Training Paradigms and
WSGR and WSGS9 among neurons activated synchronouslyLearning Rules), not producing leftward extension of synaptic
during the wave advancement. However, due to the shomeinforcement. Importantly, since the stimulation atD 24
stimulation (100 ms), the gaze moves only by abowi87 before triggers E activation too, also synapses reciprocally comggct
the end of the trial (i.e., before stimulus removal). Henice, SC and E\\SGE, WESS reinforce around that position.

this exemplary trial, synaptic reinforcement extends leftlva These behaviors explain the synaptic modications at
from the stimulated positiorp (40 ) upto 33, being stronger subsequent stages of the training (Stages Il and 1V) in the
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FIGURE 7 | Example of the network response in patient #9 during a trialfo
training A at the end of Stage Il (i.e., after 60 training trealvere performed)
with the audiovisual stimulus applied ap D 40 . The gure shows the position
of the gaze and the overall activation pro le in the areas A, R/1, E, SC at 4
different time instants (represented by lines having diffent colors) during the
trial, together with the temporal pro le of the input to SG, SGactivity and gaze
position [i.e., g(t)]. In order to better emphasize the shiif activity in each area
of the sensory module during oculomotor response, x-axis @uron preferred
retinal position) has been restricted between 20 and C90 . The detection
threshold ©0.2) and the saccade threshold D0.65) are denoted by horizontal
dashed gray lines in the visual areas and in the SG plot, respgvely. Saccade
onset occurs att D 77 ms as a consequence of the reinforced synapses along
the pathway R-SC-SG and of the simultaneous presence of thewditory
stimulus. Due to the limited duration of the stimulus (100 n)s the gaze moves
by only a few degrees (8 in this case) before stimulus removal.

stimulated positions, i.e., reinforcement of synapgéz-R and
WSGSC that extends by about 78 leftward, with a declining
trend. Patient #19Kigure 8B) exhibits this same arrangement

at position 40; at positions 8, 24, and 56, where spared

V1 clusters exist, reinforcement of synap¥ésGR and WSGSC
remains more con ned, and strong reinforcement of synapses
WSCE and WESC, as wellWS&V1 and WVY1SC occurs too (see
Figure S2 for changes in all inter-area synapses for these two
patients).

According to the previous description, two circuits are
mainly involved in synaptic modi cations. (a) The retino-SC
motor circuit, R-SC-SG, mainly mediating a compensatory,
oculomotor-related mechanism: this circuit reinforces stlp at
the positions stimulated during training (824 , 40, 56 ) and,
to a lower extent, at close leftward positions. (b) The retino-
collicular-cortical loop, R-SC-E, mainly mediating a ragive
mechanism; this circuit reinforces at the stimulated posisian
case clusters of spared V1 neurons are present. After training
visual performances may depend on the engagement of these
di erent circuits and on their reinforcement level.

In particular, two principal situations may lead to successful
visual detection after training A, in Eye-Movements conafiti
(Figure 9). First, the test visual stimulus is applied at a position
where the restitutive circuit R-SC-E was e ectively trained
Figure 9A shows an exemplary trial (visual stimulation applied
at position 24 in patient #9). Thanks to the reinforced R-SC
pathway, the stimulus signi cantly activates area SC; tltera
elicits suprathreshold E activation, via the strengtheregpISC-

E. Conscious detection occurs shortly after stimulus appeaa
before any potential oculomotor response is triggered. Irs thi
case, visual detection, relying on the restitutive cirdi8C-E,
occurs also in Fixed-Eyes Condition. Second, the visualutis

is applied at a position where the compensatory circuit was
e ectively trained, close enough to a visual detection region
(either pre-existing, e.g., the intact side, or restoréijure 9B
shows an exemplary trial (visual stimulation applied at position
8 in patient#1). Thanks to the reinforced R-SC-SG pathway, the
oculomotor response is triggered at the stimulated positidrt (a

D 82ms), and the stimulus is moved into the detection region
before it disappears. In this case, visual detection, relpimg
the compensatory circuit R-SC-SG, does not occur in FixeesEy
condition. In Eye-Movements condition, visual detectionlda
under the following circumstances. The saccade is not tregje
this occurs either because the stimulus—due to the superintpbose
noise—turns out to be too low to initiate a saccade even at a
position of stronger synaptic reinforcement (positions stiated
during training), or because the stimulus is applied in a position
were synapses were not or mildly trained (regions in between th
positions stimulated during training). The saccade is teigggl

but the stimulus disappears before the oculomotor response has
moved it into a detection region: this occurs when the stiosul

analyzed patientRigure 6). Moreover, these results generalizeis far from a visual detection region, or even when it is clasa t

to any simulated patients, as shown Kigure 8 The gure
displays post-training synapses (in the nal con guration)rfo

detection region but saccade's initiation is not early eglou
To better understand network performances after training,

other two exemplary patients (patient #1 with an isolated spareffigure 10 analyzes the contribution of the restitutive
neuron, and patient #19 with several spared neurons). Patiemiechanism and compensatory mechanism to visual detection
#1 (Figure 8A) exhibits similar synaptic arrangement at the fourin Eye-Movements conditionFigures 10A,B shows saccade
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FIGURE 8 | Pattern of the most signi cant synapses at the end of trainin@A in patient #1 (A) and in patient #19(B). The meaning is the same as irFigure 6.

latency distribution in Test 1 and Test 2 (see section Testinpatients # 1, 18, 5, 4, 7 where training has reinforced only the
Trials), across all simulated patients. Moreover, for eacklepait compensatory circuit), only 60% of stimuli in Test 1 are able
the percentage of triggered saccadEgyre 100 and visual to trigger saccades, despite the testing stimuli are applieldeat t
detections Figures 10D,B are reported as a function of the same positions stimulated during training (where trainingsh
number of spared V1 neurons. Visual detections distinguisiproduced maximal e ect). This is the consequence of the noise
between those mediated by the compensatory mechanism, i.superimposed over the external stimulus, occasionally rieduc
occurring following a saccade (saccade-mediated detexjtiand  the stimulus e ectiveness. By looking at Test 2, the percentdg

by the restitutive mechanism, i.e., occurring before anyeptal triggered saccades remain lower than 25% in all patientselshde
saccade (restitution-mediated detections). Computatioh owhile testing stimuli are applied all along the blind hemi eld,
triggered saccades and saccade latencies does not indlaide t only stimuli at the positions stimulated during training or

of restitution-mediated detections. After training, tggred slightly leftward can generate saccades, whereas at ietkate
saccadesH{gures 10A,B have latencies not lower than78 ms  positions (in between those stimulated during training) aptic
extending up to 100 ms. Total number of triggered saccadainforcement is lower and unable to trigger saccades (see
across all patients corresponds to a limited percentage of theynapses iifrigure 6 or Figure 8). Figures 10D,Eshow that the
overall stimulations (41% in Test 1 and as low as 11% in Testumber of saccade-mediated visual detections is dralsticater

2). This is evidenced irFigure 10G showing percentage of (sometimes even null) than the number of triggered saccades,
triggered saccades in each single patient. By rst lookinGest each patient and in both tests. Indeed, as most of saccades hav
1, we can observe that the higher the number of spared Viatencies>80ms Figures 10A,B and gaze velocity is 0.4ns,
neurons the lower the number of triggered saccades. Indeethe oculomotor response can contribute to visual detectintyo
patients with larger number of spared V1 neurons more likelyif the stimulus triggering the saccade is at a distance ngelia8

rely on restitution at the positions stimulated during tramg, from a visual detection region. This requirement is satisanly
making oculomotor response not necessary for detectiorby test stimuli applied at position 8n Test 1 and at positions 4
However, even in case of a few scattered V1 neurons (e.g., 8nin Test 2; all other positions where saccades can be potentially
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FIGURE 9 | Examples of successful visual detection after training.AA) The unisensory visual stimulus is applied in a position whetthe restitutive R-SC-E circuit was
trained @ D 24 in patient #9). Shortly after stimulus presentation, detemn occurs (both V1 and E activation overcomes the detectio threshold, dashed gray line),
before the oculomotor response is triggered. Compare this gire with Figure 5B (dotted purple lines).(B) The visual stimulus is applied in a position where the
compensatory R-SC-SG circuit was trainedf§ D 8 in patient #1), close to the intact V1 side. The oculomotor igponse is triggered att D 82 ms and the stimulus is
detected att D 96 ms while approaching O .

triggered (24, 40, 56 or slightly leftward) are at least 1216 mediated by the oculomotor response. This is the consequence
rightward from a possible region of visual restoration (forof a small enlargement of the visual eld at the border witketh
example, in patient #9—where visual restoration takes pladatact side (see for example synapses in patienEiglire 8A) so

at position 24-test stimuli triggering saccades at positionsthat stimuli very close to it D 4 ) can be immediately detected.
40 or 38 -36, do not reach the restored region before theirOf course, althoughrigure 10refers to tests performed in Eye
removal and remain undetected). Finallyigures 10D,Eshow  Movements condition, restoration-mediated detections atyu
that restoration-mediated detections increase as the remad  occur in Fixed-Eyes condition.

spared V1 neurons increases, since restitutive e ects aremor Network performances are summarized Figure 11 The
likely to be gained during training. Interestingly, patisrwith a  average post-training visual performances in all patientshm t
few scattered spared V1 neurons (in particular patients # 1, 18y0 visual tests are computed and presented together with
5, 4, 7), that do not exhibit any visual restitution in Tesshpw in vivo data. Besides absolute values, the di eretic€post-

a small restitutive e ects in Test 2, having a few perceptionts ndraining visual detection minus pre-training visual deteci)
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(restitution-mediated detections) and detections that dpend on saccade execution (saccade-mediated detections, Wereby the visual stimulus is moved into a visual
detection region, i.e., the intact side in these simulatics).

is computed to evidence the visual detection gain acquiredraining B (Audiovisual Stimulation in
by training and perform an even comparison between modeFixed_Eyes Condition) and Training C

and real data. In accord with results &igure 10 the model (Visual Stimulation in Eye-Movements
predicts that amelioration is larger in Test 1 that in Test

2, in both eye conditions. Moreover, in each visual test, thgondltlon) and Post-training Performances

model provides a larger improvement in Eye-Movements than idn training B, audiovisual stimulations were applied while
Fixed-Eyes condition; indeed, in Eye-Movements conditiothb oculomotor response was inhibited, and the activationstetic
saccade-mediated and restitution-mediated detectionsuoc by the external stimulation remained at a xed position in
These trends of model outcomes are in line with vivo the simulated neuronal areas during each training trial.oTw
results. However, the model shows underestimation of tegali  €xemplary patterns of inter-area synapses at the end of the
detection gain in Eye-Movements condition compared to reafraining B are shown irrigures 12A,B(see Figure S3 for changes
patients in both tests, and the advantage of Eye-Movements ovi# all synapses). Since inputs to SG are always inhibitedpsgsa
Fixed-Eyes is lower thaim vivo. This suggests that while short W°Cdo not modify. Synapse&/SR exhibit a reinforcement
latency saccades, able to move the ashed (100ms) stimulfat remains con ned around the positions stimulated during
into a visual detection region, can contribute to the obsefv the training, without any leftward extension. As in traigm,
improvement, additional mechanisms related to the oculoonot reinforcement of synapsea&/SGE, WESC occurs in presence of
system (potentially mediated by the same circuits trainegthe spared V1 clusters at the stimulated positions, promoting a
are likely in operation after training A (see sections Tragi Mechanism of visual restitution at these positions.

E ects Predicted by the Model and Future Directions in the In training C, only visual stimuli were applied and the
Discussion for further comments). oculomotor response was alloweBigures 12C,D show two
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FIGURE 11 | Visual detection accuracy (%, mean SEM) averaged on all simulated patients in Visual Test 1 andsdal Test 2 in both eye conditions before training
and after training A (top histograms). The non-null detectn in pre-training condition are due to the presence of a few 3 4-neuron spared V1 clusters around the
stimulated positions that in rare instances (depending orhe noise) can trigger detection. Middle and bottom histogres display average visual detection accuracy
drawn from two in vivostudies Bolognini et al., 2005; Tinelli et al., 201pon patients trained with 100 ms audiovisual stimuli in Eysovements Condition (SEM are

displayed only when available in the original papers). In eladiistogram, the visual detection gain acquired via the traing (L D post—pre visual detection, dashed bar)
is displayed too.

exemplary patterns of post-training synapses (see Figure S4 for SG to promote reinforcement of synaps@s>GSC. Finally,
changes in all synapses). The training promotes reinforcémein rare cases, where 3-neuron or 4-neuron spared clusters are
of synapsesVSCR in narrow regions strictly con ned around present (as around position 8n patient #19) and area E can be
the stimulated positions; indeed, because of the absendeeof tactivated, synapses between SC and E may be reinforced.
auditory stimulus, the visual stimulus alone produces a oaer Figure 13 shows visual performances obtained in the two
activation in the SC. The latter does not provide a su cienpurt  visual tests after training B and C. After training B, ameditbion
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FIGURE 12 | (A,B) Pattern of the most signi cant synapses at the end of trainind3 in patient #1 (A) and in patient #19(B). (C,D) Pattern of the most signi cant
synapses at the end of training C in patient #1C) and in patient #19 (D). The meaning is the same as irFigure 6. Synapses from SC to SG are not shown since they
remain at their basal valued1.1).

relies exclusively on the restitutive mechanism mediatedthe DISCUSSION

circuit R-SC-E: visual performance remains the same regssdle

eye condition and almost corresponds to the value obtained id he mechanism of multisensory integration becomes partityla
Fixed-Eyes condition after training A. After training C,¢How bene cial when single sensory modalities are degraded or
improvement arises from the rare positions (with 3- or 4-nemro the corresponding sensory channel is damaged. The ability
spared clusters) where the visual training has promoted Visu#0 integrate inputs of dierent modalities, especially when
restitution. For clarity, the % of visual detection for egdtient they are presented in temporal and spatial proximity, can
is reported too. enhance the unisensory processing, increasing the detktytab
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FIGURE 13 | (A) Visual detection accuracy (%, mean SEM) averaged on all simulated patients in Visual Test 1 andsdal Test 2 in both eye conditions, after training
B and training C (results in pre-training condition and aftetraining A are replicated for comparison)(B) Visual detection accuracy (%) in each patient computed in &
1, after training B and after training C(C) Visual detection accuracy (%) in each patient computed in & 2, after training B and after training C.

of the weak component and its likelihood in initiating motor the existence of di erent types of cells and activities in these
responses. Hemianopic patients have been shown to bene t frostructures and reproducing saccade kinematic propertiesh[suc
audiovisual stimulation not only in an online temporary way as non-linear saccade-amplitude velocity, skewed veloaityepr
(Frassinetti et al., 200%ut also in an o ine long-lasting way saccade endpoint errors etc.; sé&rérd and Berthoz, 2005
(Bolognini et al., 2005; Passamonti et al., 2009; Dundon.gt afor a review, and Nloren et al., 2013; N'Guyen et al., 2014
2015b; Tinelli et al., 2015; Grasso et al., J0Here, we have as more recent examples]. Reproduction of the anatomical and
modi ed our previous model flagosso et al., 20),6o0 performa  neurophysiological complexity of the saccadic generatioterys
preliminary analysis of possible functional mechanisms thay is beyond the aim of the present study, and we provide a more
contribute to improved visual orientation and detection imese  conceptual description of the module, maintaining its comjtex

patients after audiovisual training. at a minimum level. Indeed, for the purpose of our analysis, we
are interested only in the functional motor command generht
The Oculomotor Module by the SC and its e ects on saccade reaction time (while saccad

Overall, the model is based on the multisensory nature of th&inematics is just imposed). Moreover, since we currentlk lac
SC and its function as a sensory-motor interface that mayata of saccade execution and saccade latencies during the
exert powerful in uence on overt orientation behavidfiauzlis  investigated training and testing tasks, a parsimonious &am
et al., 2013 Compared to the previous version, the networkbetter conforms to the exploratory character of this studyd a
has been complemented by a module implementing saccadentributes to a more straightforward comprehension of the
generation. In the last decades, countless neurocomputio results.

models of saccade-related regions (Superior Colliculusytgro The module includes two simple sensory-motor cascades:
Eye Fields, parietal cortices, cerebellum etc.) have bepoped. frontoparietal (FP) areas (modeled empirically) and the S€xar
Most of them provide sophisticate descriptions, accounting foproject to a common brainstem motor layer (SG) modeled as
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a single unit that triggers a saccade when it res above angivanduce short latency “express” saccades and be trained &r th
threshold. A fundamental point in the model, supported byproli ¢ production is supported by several experimental and
neurophysiology, is that the two sensory-motor loops procestheoretical studies{delman and Keller, 1996; Isa and Kobayashi,
the incoming sensory signal with di erent timing. Indeedsual  2004; Bibi and Edelman, 2009; N'Guyen et al., 2014; Knox and
latencies in frontoparietal areas are about 100 ms on averagéolohan, 201» In humans, express saccades are commonly
(Boch et al., 1984; Lamme and Roelfsema, R0§igni cantly de ned as those with latencies spanning 75-110ms, or 80—
larger than visual response latency in SC cells [35-808usi{ 130ms (65-100ms in monkeyslEdelman and Keller, 1996;

et al., 198)]. Moreover, considering that electrical stimulation of Bibi and Edelman, 2009; Knox and Wolohan, 2))1saccades
SC evokes saccades with 25-30 ms time IagsH( et al., 1984; with shorter latencies being considered anticipatory ratiten
Sparks and Hartwich-Young, 198%xogenously-triggered SRT stimulus-elicited. Recent studiess§ and Kobayashi, 2004;
as low as 70-110ms can potentially be generated via the SBbi and Edelman, 2009; N'Guyen et al., 2Dadsociate their
SG pathway. The previous evidence is embedded in the modgloduction to an increased responsiveness of the SC-mediated
by introducing a pure delay in the FP-SG cascade [notably, saccadic system to the retinal input so that the shortcutneeti
similar delay value has been recently adopted in the trar@oris  SC-brainstem becomes su cient to trigger a saccade, wittlo@

of visual information to FEF in a computational model of satea involvement of other saccade-related cortical areas, (EEF).
generation and learning\(Guyen et al., 200J. The longer visual According to the model, after training A, patients are able to
response latencies in FP justify the exclusion of this blooken perform saccades with latencies distributed in the range 75—
simulating 100 ms stimulation in hemianopic patients, attéas 100 ms, peaking around 85-90 ms. Similar distribution have been
this preliminary study. Minimum latency from visual input to observed in real human subjects performing express saccades
motor output via the SC is implemented in the values assigned tBibi and Edelman, 2009; Knox and Wolohan, 2p(ibis worth

the time constant and saccade threshold of the motor uniiciwvh  noticing that SRT distribution irFigures 10A,Bnecessarily stops
mimic a minimum SC-mediated visuomotor delay of7’5ms. at 100 ms since we limit to consider saccades triggered within
However, the ability of producing short latency {10-120 ms) 100 ms stimulus presentation). We acknowledge that model post-
saccades is hampered in basal condition, because of thedimittraining SRT derive from the values of the training params(@n
synaptic strength from SC input to SG, assigned—together witharticular, maximum saturation value of synapat#S$GS9), set

the FP input—to reproduce features of SRT distributions irby assuming a priori that, after training, patients can be able
agreement with behavioral data (segures 3 4). Crucially, in  generate saccades toward the blind hemi eld with SRIO0 ms.

the model, since activation in SC and its e erent input to SGThis assumption requires comments, as actually such short
depend on inter-area functional connections, assumed glastilatency saccades—although observed in human subjects and
the SC motor command and consequently the likelihood otherefore within the limit of neurophysiological plausibility
saccade generation and saccade reaction time may sigtiycanhave not been reported yet in real hemianopic patients. Indeed,

change because of synaptic plasticity. experimental studies investigating re exive saccade patense
o . in hemianopia Fayel et al., 2014; Ten Brink et al., 2)¥b6und
Training Effects Predicted by the Model saccade latencies of 400-500ms in unimodal visual conditio

The SCis the critical node mediating the e ects of trainingrée  (Fayel et al., 20)4and 200 ms in audiovisual conditionrén
pathways involving the SC are a ected by the simulated tragein Brink et al., 201 However, these studies refer to patients not
the aerent projections from the retina, the retino-colli@arl  speci cally subjected to training procedures, hence they may
pathway (R-SC); the feedback projections to extrastriatealis correspond to our simulated patients in pre-trained conditson
areas, the colliculo-extrastriate pathway (SC-E); the @ere Interestingly, untrained simulated patients are unable tdqen
projections to the motor unit, the SC-brainstem (SG) pathwaye exive saccades toward unimodal visual stimuli (Fayedl an
(SC-SG). Dierent amount of modication is elicited by co-authors right questioned the genuineness of their Jisua
the di erent trainings along these three pathways, predictinge exive saccades, suggesting they may actually be veolunta
di erent levels and type of rehabilitation. saccades), and perform saccades toward audiovisual stirtili w
After training A (audiovisual training with eye movements mean latency of 180 ms (omitted results) in agreement with
allowed), both the restitutive mechanism (via the reinfarent  data by Ten Brink et al. (2015)Conversely we lack saccade
of the circuit R-SC-E) and the saccade-mediated mechanisparameter measurements in the trained patients performing the
(via the reinforcement of the circuit R-SC-SG) are operativetwo visual tests, for a direct comparison with our simulated
Accordingly, and at variance with Training B and Training§eé post-training SRT. While this direct comparison cannot be
Figures 11 13), training A provides higher visual performances performed, we are still aware that our model assumes a huge
in Eye-Movements than Fixed-Eyes Condition, in line withimprovement promoted by the training in the patients (from
in vivo results (although the advantage of eye movements is ndi80ms SRT in the best case before training to 75-100ms
as large as in real studies, see also below). Indeed, thedr®  after training). This hypothesized improvement is much large
SC-SG pathway promotes production of short-latenc Q0O ms) than the average improvement (20-30ms) in SRT observed
saccades toward unseen visual stimuli in the blind hemistd in healthy subjects after they were engaged in specic visual
they can occasionally reach a visual detection region befwir  trainings promoting production of express saccadB&i and
removal. That the retina-SC-brainstem pathway (the showtey ~ Edelman, 2009; Knox and Wolohan, 201®ur assumption
from incoming visual stimulus to the oculomotor plant) can of such a strong e ect of training in patients is justi ed
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by the exploratory character of our study, further stressingadvantages in Eye-Movements condition compared to training B
that systematic measurements of SRT in real patients aft¢seeFigure 13.
the investigated audiovisual training are not available ged Unisensory visual training (Training C) produces
oculomotor mechanisms subserving the observed improvememginforcement along the R-SC pathway but limitedly to a
are still largely unclear. Therefore, in our model, we hypsthed reduced number of retinal a erentsF{gures 12C,D, because
a maximum bene t of the audiovisual training on SRT (within of the absence of SC multisensory enhancement. At variance
the limit of neurophysiological plausibility)—an hypothetiimt ~ with audiovisual training B (promoting restitution even irase
cannot be totally disregarded a priori, especially consideri of 2-neuron spared clusters), the SC-E pathway is strengthene
that multisensory integration is maximally bene cial when only in case clusters with 3—4 spared V1 neurons (regions of
one sensory modality is impaired—and we tested whetharesidual low vision) are accidentally present around the parsst
and to what extent post-training capabilities of performingstimulated during the training. Indeed, because of the abse
short-latency saccades can explain the observed improvemenf SC multisensory enhancement, only clusters with at least
By possibly predicting di erences between simulated and 3 or 4 (but not 2) spared V1 neurons can activate E above
vivo performances, the model may provide cues on othethreshold, so that the circuit SC-E can be reinforced. Region
oculomotor-related mechanisms (that may even rely on thevith 3- or 4-neuron spared V1 clusters correspond to regions
same circuits as those trained here) potentially involvadekd, of residual low vision, that give rise to non-null pre-trang
Figure 11 indicates that short latency saccades are unablgsual performances in the simulated patiensgure 11 upper
by themselves to provide post-training improvements in Eyeplots). After Training C these positions regain visual senisjtiv
Movements condition as high as those obserwedsivo, not  (restitutive e ect); however, this occurs pretty rarely in our
only in Test 2 but also in Test 1. That is, this mechanism nosimulated patients (e.g., around position B patient #19 or
only is insu cient to explain improvement generalization to around position 56in patient#6 etc., sgégure 13. Conversely,
locations not directly trained, but also to reproduce the thig although the training is performed in Eye-Movements conditio
improvement observed at the trained locations. Indeed only she oculomotor SC-brainstem pathway remains untrained
limited percentage of test stimuli elicit saccades and, agjrtbe  since the SC visual activity alone is unable to su cientlyieate
triggered saccades, only a small proportion leads to detectiothe SG unit and promote reinforcement of synapag/S$GSC,
because of the brief stimulus duratioRigure 10. Of course, by Accordingly, the unimodal visual training induces only yenild
further increasing the maximum saturation value for synapserehabilitative e ects, via the restorative mechanidrg(ire 13.
WSGSC the model would provide higher visual performancesThus in the simulated paradigms, audiovisual stimulation,
as the proportion of triggered saccades would increase angtoducing SC multisensory enhancement, is crucial to promote
their latency would decrease. However, this would lead to amore e ective reinforcement in retinal a erents, more consiste
implausible SRT distribution, strongly unbalanced towah&t E activation and possibly trigger SG activation.
lower limit of 75-78 ms. We also tested whether, simulating It is important to specify that the visual training simulated
patients with higher pre-training visual performances (ctose here (Training C) is dierent from other visual trainings
those of real patients), e.g., due to islands of intact vigiside  proposed in literature for rehabilitation of visual eld defes,
the blind hemi eld, could increase post-training Eye-Movemege such as visual scanning training and vision restoratiorinirey
performances. Results (see Table S1 and Figure S5) show tfse Dundon et al., 2015dor a review). Speci cally, visual
the new set of simulated patients still underestimates tkaali scanning training lelles et al., 2001; Pambakian et al., 2004
detection gain in Eye-Movements condition. Accordingly,aieb  stimulates compensatory oculomotor strategies by training
results suggest that short-latency saccades, in casedhellp patients to voluntarily and consciously explore arrays of
occur, can contribute only partially to the observed improvetn  visual stimuli to search for a specic target that lasts a
and that other oculomotor-related mechanisms are operdatee few seconds. Such a training strongly relies on voluntary
(see also section Future Directions). components (and on other cognitive components too, such
Audiovisual training both in Eye-Movements condition as working memory). Conversely, here we focus only on
(Training A) and in Fixed-Eyes condition (Training B) elisi exogenously-driven mechanisms, elicited by a ashed (160 m
restorative e ects. This is an important novel predictionlong) stimulus, neglecting endogenous aspects and the eafcts
emerging from model simulations. Restorative e ects aremore salient/longer visual stimulations. The model preidict
implemented via reinforcement of the R-SC-E pathwaythatsuch avisualtraining paradigmis unable to elicit ocuédor
reinforcement of this circuit is conditional on the presencecompensatory strategy agrees with data in real patients who
of survived clusters of V1 neurons, independently of eyelid not exhibitimprovement in visual oculomotor performances
condition. Audiovisual stimulation promotes restorativeeets  after a visual training similar to the one simulated here
also in case of small (2-neuron) spared V1 clusters thank§assamonti et al., 20p9n the other hand, vision restoration
to the SC multisensory enhancement, able to activate aregeining (Sabel et al., 20)4akes advantage of areas of partial
E above threshold (see for exampiégure 5B blue lines). visual detection, typically at the border between intact and
The restorative e ects predicted by the model are able tdlind zones. Systematic visual stimulation of these aress h
interpret the post-training amelioration in tests performed i been shown to produce enlargement of visual eld border.
Fixed-Eyes condition by real patients, an e ect not ascribablInterestingly, although the model is not used to mimic speallg
to oculomotor strategies. Of course, in training A, restv@  this type of training, simulation results after Training C
e ects and oculomotor compensation operate together providingpredicting visual restoration in regions of 3-, 4-neuron sl 1
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clusters (regions of low vision), suggest that the reirdanent of mechanism of pre-saccadic remapping whose bene ts appear in
the retina-SC-extrastriate pathway is a likely mechanisrolved  post-training Eye-Movements condition (when motor command
in vision restoration training. is not inhibited). Importantly, our model—although not dicty
Finally, it may be of value mentioning that the model wouldimplementing the phenomenon of pre-saccadic remapping—
predict no rehabilitative e ects in case of a unimodal audjtor may provide cue on how this mechanism is reinforced or
training (trivially in the model, a unisensory auditory frang  reinstantiated in patients after training. In particular tineodel
prevents SC neurons from regaining visual responsivenessjggests that training A, by reinforcing the R-SC-SG circui
thus visual performances remain una ected by the training,and rendering SC neurons once again capable of transforming
omitted results). Ine cacy of a unisensory auditory traig is  visual cues into oculomotor plan, may promote this further
supported by a recent studyiéing et al., 20)showing that only mechanism via SC corollary discharge. Indeed, the input from
audiovisual (but not auditory alone) orientation training V1  SC to SG (that may represents the SC motor command, i.e.,
lesioned animals boosted re-emergence of visual resporesise the corollary discharge) elicited by a unimodal visual stiasu
in deep SC multisensory neurons that translated into recpeé  is lower in the untrained hemianopic patients (sEgure 5),

orientation behavior. than in healthy subjects (seeigure 3). Audiovisual training
_ ) in Eye-Movements condition allows synapses from SC to SG
Future Directions to be reinforced; even though this reinforcement is inswecit

The model hypothesizes that production of short-latencyto trigger a saccade within the time of stimulus presentation
saccades is a possible oculomotor mechanism promoted K$00 ms), the input from SC to SG may reach values comparable
training. Comparison between model aimtvivoresults in post- or even higher than in healthy subjects, signaling saccade
training tests exhibits that the model tends to underestina planning toward the stimulated position. Furthermore, if the
visual performances in Eye-Movements condition, suggestingiechanism of pre-saccadic remapping provides visual neurons
that other oculomotor-related mechanisms, not included inwith the ability of response facilitation not only at the fu&u
this study, may take place. In the following, we tentativel\RF location but also along a continuum of positions between
propose another mechanism that may contribute to post-tragnin the current and the future RF locations [as suggested by some
oculomotor compensation of visual eld loss, and that may bestudies Zirnsak et al., 201, this mechanism could explain
addressed in future studies. both post-training improvement at positions stimulated during
The model assumes that once a saccade is initiated, neurotigining (as in Test 1) and at intermediate positions (Test 2).
RF updates dynamically, shifting across di erent locationth@  Of course, a thorough modeling investigation of the e ects
external space to keep retinotopic alignment. Accordinglyem  of this mechanism in hemianopia before and after training is
asaccade is generated toward the position of an externallktsn  necessary.
a visual neuron in the model begins to respond only after the In conclusion, the present model represents an initial step
saccade brings the stimulus into its RF, and only if the stimul toward a quantitative formalization of the mechanisms opiea
is still present at that position. Actually, visual cells hwen  during audiovisual training in hemianopia. The model predict
found in frontal, parietal and extrastriate corte®i((hamel et al., that the training mediates both restitutive and compensgtor
1992; Nakamura and Colby, 2002able to respond to a stimulus e ects and associates them to plastic changes in specic
that is expected to be brought into their receptive eld (RF) bycircuits. Here, the oculomotor compensatory mechanism is
an eye movement, before the eye movement has been initiatadsumed to be achieved only via the execution of short-
and before the stimulus has arrived into their RFs. These cellatency saccades (75-100 ms), moving visual stimuli inteavis
respond even if the stimulus is no longer present by the timeletection regions. Additional mechanisms (e.g., pre-sdicca
the saccade is initiated, as it occurs in case of ashed dtimuemapping), left aside in the present study but possibly
(50, 100 ms long). In other words, these cells remap theiratis mediated by the same circuits trained here, may participate
RFs to future locations in anticipation of an impending saccaden increasing the e ectiveness of the oculomotor response.
Pre-saccadic remapping is assumed to depend on a signal relatedfuture, meticulous oculomotor measurements during and
to eye movement command (corollary discharge) distributedafter training in real patients—including both oculomotor
by saccade-related areas, in particular the SGn{mer and parameters (latency, velocity, amplitude), and the reldtimeng
Wurtz, 2008; Hall and Colby, 20),1and is considered a between visual detection occurrence and saccade—may delp t
mechanisms implicated in visual attentional shifi&hfo et al., di erentiate among di erent oculomotor-mediated mechanisms
2019. A recent study Ritchie et al., 20)2has evidenced In parallel, future model versions can be realized to predict
possible implications of pre-saccadic remapping in hemianopidhe e cacy of other postulated oculomotor mechanisms and
patients reported increased awareness of a stimulus when thagsess these predictions in light of existing and new expetahen
executed an instructed saccade that would bring the stitedla observations.
location into the sighted eld, even though the stimulus was
removed before the saccade began (however it is important
to specify that only two patients were tested in that studly AUTHOR CONTRIBUTIONS
and further investigations are de nitely required). By Hking
these observations to the e ects of the training investidate EM: Conceived the work, developed the computational model,
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